Introduction
The increased awareness on the detrimental effects generated by sleep disordered breathing has increased the interest on upper airway (UA) morphology alterations after orthognathic surgical procedures. Although sleep disturbances are not directly linked to the anatomical modification of the upper airway morphology following orthognathic surgery, they can arise in patients with predisposing risk factors. 1 A way to visualize UA in 3D is offered by Magnetic Resonance Imaging (MRI) and Computed Tomography (CT); nevertheless their use is limited by high cost, scanning time for MRI, restricted accessibility, and exposure to high ionizing radiation for CT. 2, 3 The introduction of Cone Beam Computed Tomography (CBCT) in the dentistry has generated an increased interest in studying the changes in airway patency following maxillo-mandibular surgical modification in orthognathic patients. 4, 5 Nevertheless, despite the high number of publications studying UA in orthognathic patients based on CBCT scans, there is no standard procedure shared by all researchers in assessing UA morphology, including the definition of its boundaries. 5 Beside the fact that a wide discrepancy between the general cephalometric definition of superior and inferior border of upper airway exists, this aspect is further complicated when a skeletal modification occurs after orthognathic surgery. Thus, to a greater extend the selection of anatomical structures which are not affected by surgery is essential. A variety of anatomical landmarks have been proposed and used in previous studies assessing changes in UA following orthognathic surgery: Some studies have proposed analyses based on anatomical structures like the posterior nasal spine and the tip of epiglottis, which are generally displaced during the surgical procedures. [5] [6] [7] [8] [9] In other analyses, cervical vertebrae have been used as well as reference points, although their position has been shown to be greatly affected by head posture, as already demonstrated in 2D cephalometric studies. [8] [9] [10] [11] The aim of this technical report is to propose a new 3D analysis to study UA in patients undergoing orthognathic surgery, based on stable, reproducible anatomical structures which are not involved in modifications, which may develop due to surgical corrections of the facial skeleton. This method will be tested for intra-and interobserver reliability and reproducibility.
Methods and materials
Permission was granted by the Danish Patient Safety Authority (3-3013-1379/1) and by the Danish Data Protection Agency (2008-58-0035, 31 August 2015). All data were anonymized. As the study comprised retrospective material, none of the patients were exposed to any extra radiation and no extra examination has been performed to acquire additional information.
Subjects
This study is based on 10 randomly selected (randomization performed on: random. org) pre-and postsurgical CBCT-scans among 124 post-pubertal patients diagnosed with maxillomandibular growth disturbances, who had undergone orthognathic surgical corrections at the Hospital of South West Jutland, Department of Oral and Maxillofacial Surgery, Esbjerg, Denmark. 12 The mean time interval between the acquisition of pre-and postsurgical CBCT scans is 23.1 months (min: 12 months, max: 31 months).
The CBCT scans were from seven females and three males; nine patients underwent a combined bilateral sagittal split osteotomy and Le Fort 1 procedure; whilst one underwent a Le Fort 1 procedure.
The selected sample size was calculated in order to obtain a power equal to 0.99 with an effect size of 1 mm for linear measurements, 1 mm 2 for surface and 1 mm 3 for volumetric and α = 0.5. The exclusion criteria were: syndromes or detectable pathologies involving UA; CBCT scans not including all the craniofacial structures required for the cephalometric analysis. Particular attention was paid to patients' positioning during CBCT scan: subjects without the mandible at maximum intercuspation were excluded as well as patients wearing a bite during scan acquisition. Patients with inappropriate head positioning, including major head extension, head flexion or head rotation, were excluded as well. 13 The CBCT-images were acquired using an i-CAT scanner, version 17-19 (Imaging Sciences International, Hatfield, PA 19440, USA) with the following scan parameters: 120 kVp; X-ray tube current = 5 mA; exposure time = 7 s; number of slices = 576; slice thickness = 0.300 mm, producing isotropic voxel with a dimension of 0.30 mm. The patients were scanned in a seated upright position, with the clinical Frankfort horizontal plane parallel to the floor. The patients were instructed to breathe quietly. The CBCT original-data of all patients were exported via the DICOM format and imported into a specific software program (MIMICS 18.0, Materialise, Leuven, Belgium).
Thresholding
The threshold used to segment and visualize the upper airway was determined for each CBCT data set individually. 2, 3 A profile line and the correspondent vertical intersecting lines were determined. Using the profile line it is possible to visualize a profile with the grey values. Based on the minimal and maximal threshold values a layer of the relevant structures is defined. This layer is called mask. From the masks, the corresponding 3D surfaces were generated. 2, 3 Airway analysis for orthognathic surgery Bony structures not involved in any movement due to surgical procedures were included, and the 3D cephalometrics landmarks identified for the present analysis are reported in Table 1 . Following a procedure similar to what normally performed with lateral cephalometric analysis, all mid-sagittal landmarks were first identified on the midsagittal plane, and then the position of birpublications.org/dmfr every landmark was checked on the other two orthogonal planes to improve landmark positioning. Bilateral points were identified first on the 3D surface, then fine adjusted by checking and finely relocating them on the axial, coronal and sagittal views. 2 Based on these landmarks a series of planes have been constructed ( Table 2 ): The first reference plane was the Frankfurt Plane; the other three reference planes constructed following the sequence described in Table 2 . Based on these references planes, three additional planes were created to limit the superior border of the upper airway and to encompass the retro-palatal region of the upper airway (Table 2 and Figure 1a ).
In order to delimit the inferior border of the oropharyngeal region, one landmark (D100) was identified on the tip of the epiglottis on the midsagittal plane on the pre-surgical scan, and the distance from the Airway superior border plane to the tip of the Epiglottis was recorded. The 90% of the abovementioned distance was used to create a landmark (D90) taken perpendicularly to the Airway superior border plane in the caudal direction ( Figure 1b ). Two planes parallel to the Airway Superior Border plane passing through the D100 and D90 landmarks were defined: These planes were used to delimit the inferior borders of the oropharynx, giving the Oropharynx 100 and the Oropharynx 90 volumes (Table 2, Figure 1b ). Using the above described planes the Upper Airway could be divided into 5 partial volumes ( Figure 1c and Table 3 ). At the intersection between the upper airway and the Airway Superior Border, Airway Superior Border 3, D90, and D100 planes, four cross sections have been identified and the relative cross sectional areas calculated. Six linear measurements were also performed ( Table 3 ). The distances between the D100 & D90 to the Airway Superior Border measured on the pre-surgical scans were transferred to the post-surgical scans in order to define the position of the post-surgery D100 Plane and D90 Plane and thus to delimit the inferior borders of the upper airway in a consistent way. These distances were reported on the post-surgical scans starting from the Airway Superior Border following a perpendicular caudal direction. Two planes were generated at D90 and D100 distances. In other words, Epiglottis was not used as a reference point on the post-surgical scans since it could have moved during surgery.
Statistical analysis
Two observers (GDC and SFG) measured twice, with a two-week period interval, and independently all the variables (on both the pre-surgery and post-surgery scans). The data were checked for normal distribution with the Kolmogorov Smirnov test (KS). In case the data exhibited a normal distribution, the intra-and interexaminer comparison was carried out using the independent sample t-test; on the contrary, the Wilcoxon signed rank test was used. The Bland-Altman plot was applied to report intra-and inter-observer reliability. 14 order to quantify the technical error of measurements both at the inter-and intra-observers level, we taken into account the Dahlberg's formula. 15 The Kolmogorov Smirnov test showed that the data was normal distributed. The error of the method obtained using Dahlberg formula was in the range 1.6 to 10.2 (%) for the volume calculation; for linear measurements the range was 0.3 to 2.5 (%); for cross sectional the range 1.6 to 12.2 (%).The complete intraand inter-observer(s) errors of the method are reported in Tables 4-6.
In order to delimit the inferior border of the oropharyngeal region, one landmark (D100) was identified on the tip of the epiglottis on the midsagittal plane on the pre-surgical scan, and the distance from the airway superior border plane to the tip of the epiglottis was recorded. The 90% of the above-mentioned distance was used to create a landmark (D90) taken perpendicularly to the airway superior border plane in the caudal direction (Figure 1b ). Two planes parallel to the airway superior border plane passing through the D100 and D90 landmarks were defined: These planes were used to delimit the inferior borders of the oropharynx, giving the Oropharynx 100 and the Oropharynx 90 volumes ( Table 2 and Figure 1b ).
Using the above described planes the upper airway could be divided into five partial volumes ( Figure 1c and Table 3 ).
At the intersection between the upper airway and the airway superior border, airway superior border 3, D90, and D100 planes, four cross-sections have been identified and the relative cross-sectional areas calculated. Six linear measurements were also performed ( Table 3 ).
The distances between the D100 and D90 to the airway superior border measured on the pre-surgical scans were transferred to the post-surgical scans in order to define the position of the post-surgery D100 plane and D90 plane and thus to delimit the inferior borders of the upper airway in a consistent way. These distances were reported on the post-surgical scans starting from the airway superior border following a perpendicular caudal direction. Two planes were generated at D90 and D100 distances. In other words, epiglottis was not used as a reference point on the post-surgical scans since it could have moved during surgery.
Results
The Kolmogorov-Smirnov test showed that the data was normal distributed. The error of the method obtained using Dahlberg formula was in the range 1.6 to 10.2% for the volume calculation; for linear measurements the range was 0.3 to 2.5%; for cross sectional the range 1.6 to 12.2%.The complete intra-and interobserver(s) errors of the method are reported in Tables 4-6 .
The Bland-Altman plots showed good reliability of the methods and no systematic errors both for the intraand interobservers comparison. This was confirmed by the results of the independent sample t-test (Tables 4-6 ).
Discussion
The introduction of CBCT determined, especially in the last decade, a surge in the interest to study the existence of the possible relationship between UA and the craniofacial structures (e.g. craniofacial morphology and head posture) and focusing the attention on the effects of treatment interventions on the skeletal basis that may influence airway patency. 5, 6, 16, 17 Nevertheless, some of the issues mentioned in these studies remain not completely answered due to the presence of technical drawbacks that hinder the reduction of the systematic errors. In the present study we presented a technical analysis able to overcome these limitations with the aim to characterize three-dimensionally the upper airway by using as references only stable, reproducible anatomical birpublications.org/dmfr landmarks, which will not be affected by orthognathic surgical procedures. Two recent review concluded that it would be useful to follow a standard protocol for CBCT imaging and use standard reference planes. 5, 6 Thus, even though it is now possible to depict three-dimensionally the UA, the reliability of some previous studies might be questioned. Regarding the first issue ("standard protocol for CBCT imaging"), the respiration phase, although thanks to the gradual reduction in CBCT scanning acquisition time this issue is expected to be minor in the future, should not be overlooked when assessing UA. Another problem is the maximum intercuspation, which usually is not seriously considered in the research design of many airways studies. 13 An open mouth may influence the airway morphology by mandibular retroposition. Finally, head posture and tongue position during CBCT-acquisition has also been advocated to be an important factor for UA morphology, yet often underestimated as reported in a previous systematic review. 16 Regarding the second issue ("standard reference planes"), it has to be underlined that, the selection of reliable landmarks for upper airway analysis is of the outmost importance, even more when the changes are the result of orthognathic surgery. A variety of anatomic landmarks have been proposed, however, some refer to anatomical structures (e.g. the posterior nasal spine and the tip of epiglottis) that are most likely to be displaced during surgical procedures, while others (e.g. cervical vertebrae) are known for changing position as a consequence of head posture. 10, 18 In an attempt to solve the problem of the anatomic landmarks, the Frankfurt plane was chosen as the first reference plane, since it is not affected by surgical procedures. The other reference planes, created based on the Frankfurt plane and other structures in the cranial base, allowed to divide the retropalatal volumes into different compartments, all not influenced by the surgical procedures. Moreover, we used the tip of the epiglottis as a reference to delimit inferiorly the oropharynx and we introduced the distances from the Airway superior border plane (D100, D90). Although the epiglottis may move post-surgically, and even during the respiration phase, we transferred the same distances obtained at the presurgical scan to the postsurgical scan. In this way, we avoid a possible systematic error produced by movement of the epiglottis. This makes it possible to perform a consistent comparison of upper airway modification after surgery. Another major issue when measuring the upper airways on CBCT is the thresholding. The automatic thresholding did not show appropriate validity when compared to manual thresholding. 2, 3, 19 In this study, a manual threshold value was individually determined for each CBCT scan. Our methodology shown appropriate reproducibility according to the results obtained, while a minor issue is that this approach is more time consuming.
Another problem is represented by the existence of different airway volumetric subdivisions among studies. Necessarily, this generates subsequent difficulties when comparing between studies. Schwab, claimed that two subdivisions are essential in describing the upper airway segment. 20 Our results for all the proposed five volumes show good reliability. Nevertheless, the present study demonstrates that the use of only two volumes (i.e. the retropalatal volume, and the oropharynx 100 vol) is sufficient to characterize the morphology of UA, therefore the analysis is simplified. (Figure 1b) In this technical note the adoption of the above mentioned procedures resulted in a reliable and reproducible approach. This was successfully applied to study the airway in both pre-and post-orthognathic surgery. We believe that the adoption of this novel method will contribute to overcome the limitations of the previously proposed analyses and may increase the consistency in measuring the airway among future studies.
